Introduction
Recently, a cationic polyelectrolyte, polyhexamethylene biguanide hydrochloride (PHMB-HCl), is widely used for disinfectants in personal-care products for cosmetics and toiletries, and for sanitizers in swimming pools. Several methods for determining PHMB-HCl have been developed by using spectrophotometry, 1 the voltammetric method, 2 the titrimetric method, 3 capillary electrophoresis, 4 and the HPLC method. 5 A colorimetric determination methods of PHMB-HCl in pool and spa water using complexation between Ni 2+ and PHMB-HCl have been reported. 1 An indirect determination of PHMB-HCl by using adsorptive voltammetry of 2-(5-bromo-2-pyridyl) azo-5-[N-n-propyl-N-(3-sulfopropyl)amino]phenol on a carbon paste electrode has been reported. 2 Titrimetric methods such as the Kjeldahl method and argentometry, for the determination of PHMB-HCl have been reported. 3 Capillary electrophoresis with contactless conductivity detection for the determination of PHMB-HCl in eye drops has been reported. 4 In these methods, however, the detection limit has been above a few ppm. Lucas et al. 5 have developed a solid-phase extraction method, followed by HPLC analysis using an evaporative light-scattering detector in order to measure PHMB-HCl in contact-lens detergents. This method has been highly sensitive, and has a lower detection limit (0.1 ppm). The method is very tedious and its apparatus is exaggerated.
We had developed the potentiometric colloidal titration of PHMB-HCl using hexadecyltrimethylammonium ion as an indicator and a cationic surfactant-selective electrode as an indicator electrode. 6 The titration can simply determine 1 ppm of PHMB-HCl in a contact-lens detergent. Colloidal titration is a familiar method for the determination of natural and synthetic polyelectrolytes. [7] [8] [9] [10] [11] [12] [13] The principle is based on the formation of an ion-association complex between cationic polyelectrolyte and anionic polyelectrolyte. Since the ion associate is mainly formed due to an electrostatic interaction, an increase in the concentration of a salt in a sample solution affects the stability constants of the colloidal titration reaction. 14 However, the potentiometric method is inevitably accompanied by a reference electrode, which leaks a salt to a sample solution to some extent. 15 As a result, the leaked salt affects the stability constants of the colloidal titration reaction, which leads to titration errors. [8] [9] [10] Therefore, when conducting potentiometric colloidal titration, one should be careful in concerning the leakage of a salt from a reference electrode.
In this paper, we report a photometric colloidal titration method of PHMB-HCl using crystal violet (CV) as a color indicator. Photometric titration is an alternative method to potentiometry, and does not require a reference electrode; it is thus free from the salt leakage. Masadome 13 had reported on the determination of a cationic polyelectrolyte, such as poly-(diallyldimethylammonium chloride) (PDADMAC) using CV. The present method was applied to the determination of PHMB-HCl in contact-lens detergents. Interestingly, back-titration with PDADMAC was useful to determine the end-point. † To whom correspondence should be addressed. . Back-titration was based on adding an excess amount of PVSK to a sample solution containing CV, which was titrated with a standard solution of poly(diallyldimethylammonium chloride) (PDADMAC). The calibration curve of the PHMB-HCl concentration to the end point volume of the titrant was also linear in the concentration range from 2 to 8 × 10 -6 eq mol L -1 . Both photometric titrations were applied to the determination of PHMB-HCl in a few contact-lens detergents. Back-titration showed a clear end point, but direct titration showed an unclear end point. The results of the back-titration of PHMB-HCl were compared with the content registered in its labels. 
Experimental

Chemicals
CV used as an indicator was obtained from Wako Pure Chemicals Co., and used without further purification. A potassium poly(vinyl sulfate) (PVSK) solution for colloidal titration use was obtained from Wako Pure Chemicals Co. and used as a titrant in photometric direct titration. A PDADMAC solution was also obtained from Wako Pure Chemicals Co. and used as a titrant in photometric back-titration. PHMB-HCl was a 20% solution obtained from Avecia. Contact-lens detergents were obtained from local drug stores. Other chemicals of guaranteed grade were used as received.
Standard procedure of photometric direct titration
A PHMB-HCl solution containing 1.0 × 10 -5 M CV and 4.8 × 10 -3 M HCl (total volume, 50.00 mL) was titrated with a 1.0 × 10 -4 eq mol L -1 PVSK standard solution. The sample solution was taken into a 10-mm path-length cell for absorbance measurements after the addition of a suitable volume of the titrant. The absorbance of the sample solution was measured at 590 nm with a spectrophotometer (JASCO V-520-SR), and the sample solution in a 10-mm path-length cell was returned to the beaker each time. The point where the absorbance just began to fall was taken as the end point of the present titration.
Standard procedure of photometric back-titration
A 1.0 × 10 -4 eq mol L -1 PVSK solution (20.0 mL) was added to a PHMB-HCl solution containing 6.7 × 10 -3 M HCl, and stirred for 20 min. After PHMB-HCl reacted with a PVSK sufficiently, a 2.0-mL portion of a 1.0 × 10 -3 M CV solution was added to the sample solution. The excess amount of PVSK was back-titrated with a 1.0 × 10 -4 eq mol L -1 PDADMAC standard solution. Figure 1 shows the titration curves of a 1.0 × 10 -5 eq mol L -1 PHMB-HCl solution (50.00 mL) with a 1.0 × 10 -4 eq mol L -1 PVSK solution. The absorbance at 590 nm slightly decreased with the addition of PVSK. PVSK preferentially formed an ion-association complex with PHMB, and hence the slight absorbance decrease was due to being diluted with the titrant. After the end point, the absorbance of the sample solution sharply decreased. Then, PVSK reacted with CV, and the concentration of CV decreased abruptly.
Results and Discussion
The concentration of CV affects the sharpness of end-point detection in photometric direct titration. Turning attention to the absorbance after the end points shown in Fig. 1 , the greater increasing CV concentration is a sharper absorbance change. However, the concentration of CV at more than 1.0 × 10 -5 M did not improve the sharpness of the end point. Therefore, all of the experimental results of the direct titration described below were obtained by using a 1.0 × 10 -5 M CV solution as an indicator.
Effect of inorganic electrolytes in the photometric direct titration
In colloidal titration, a great amount of coexisting inorganic electrolytes often lead to titration errors, [8] [9] [10] because the increase in the concentration of a salt affects the stability constants of a colloidal titration reaction. 14 Therefore, the effect of electrolytes (NaCl and CaCl2) on the sharpness of the end-point detection of PHMB-HCl was examined. Figures 2(a) and 2(b) show titration curves for a coexistent solution of NaCl or CaCl2. The end point could be detected sharply even in the presence of a 100-fold excess of NaCl and CaCl2 to the concentration of PHMB-HCl. In the presence of 4.0 × 10 -4 M NaCl, or CaCl2, the relative titration errors to the result without their salt were -1.63% for NaCl and -2.50% for CaCl2.
Measurable concentration range of photometric direct titration
Most of the biguanide groups in PHMB-HCl dissociate completely at about pH 2.5. .
Back-titration with PDADMAC
When weak anionic polyelectrolytes, such as poly(acrylic acid), are determined by colloidal titration, it is well known that its back-titration using toluidine blue as an indicator is useful. [8] [9] [10] The color change of toluidine blue as an indicator is clear only for titration with PVSK. As an alternative way of end-point detection using CV, back-titration with PDADMAC was examined. As to following the standard procedure of the back-titration, titration curves of Figs. 4(a) -4(e) were obtained. Before titration, CV reacted with PVSK, and the absorbance of a sample solution was relatively low because the attachment of CV to the PVSK resulted in a decrease in the absorbance of CV at the maximum absorption wavelength (590 nm). 16 When the titration started, the absorbance of the sample solution increased upon adding the titrant. The free concentration of CV increased by a cation-exchange reaction of PVSK from CV to PDADMAC. After the end point, the absorbance of the sample solution decreased slightly due to dilution with the titrant. The end point was detected as a break point of the titration curve. The sharpness of detection of the end point is important for determining the end point. The angle of the cross point near the end point was about 160 (Fig. 4) . On the other hand, the angle for the direct titration was also about 160 ( Fig. 1) on the same scales of the titrant volume and the absorbance. Thus, the sharpness of the end point was almost equal to that in direct titration. This may be due to the fact that the sharpness of end-point detection depends on the ability to form ion associate between CV and PVSK in direct-and back-titrations. A hump was often observed near to an end point in a photometric titration curve. This hump was due to the coagulation of ion association complexes. 17 The calibration curve of PHMB-HCl was linear over the range from 2.0 to 8.0 × 10 -6 eq mol L -1 . The graph equation is Y = -1.50X + 19.62. Here, Y is the end-point volume (mL) and X the concentration (10 -6 eq mol L -1 ) of PHMB-HCl. The γ of the calibration curve was 0.999. The relative standard deviation of the end point volume for three-times titrations of PHMB-HCl was 1.92% for 2.0 × 10 -6 eq mol L -1 , 1.86% for 4.0 × 10 -6 eq mol L -1 , and 5.93% for 6.0 × 10 -6 eq mol L -1 .
Determination of PHMB-HCl in contact-lens detergents
At first, PHMB-HCl in a commercially available contact-lens detergent was determined by the direct titration method. surfactant) contained in the commercially available contact-lens detergent solution may have interfered with the formation of an ion associate between PHMB-HCl and PVSK. Masadome et al. 18 reported that a nonionic surfactant (Triton X-100) interferes with end-point detection in the potentiometric titration of anionic polyelectrolytes. Hattori et al. 17 also reported that the nonionic surfactant interferes with end-point detection in the thermometric titration of anionic surfactants with tetradecyldimethylbenzylammonium chloride. Therefore, back-titration was applied to the determination of PHMB-HCl in a commercially available contact-lens detergent. A commercially available contact-lens detergent A (20.00 mL) was mixed with an appropriate volume of 1.0 × 10 -2 eq mol L -1 PHMB-HCl solution, and the mixed solution was made up to 50.00 mL with distilled and deionized water (solution a). A 0.7-mL portion of 1 M HCl was added to the solution; the pH of solution a was 2. This result shows that the present photometric back-titration method can be applied to determine the level of PHMB-HCl in commercially available contact-lens detergents. 
Conclusions
The proposed photometric direct-and back-titration methods offer a sensitive and simple method for the determination of PHMB-HCl by using CV as a color indicator. The sensitivity and lower detection limit of the present photometric titration method is superior to that of the other methods based on spectrometry, 1 voltammetry, 2 the titrimetric method 3 and capillary electrophoresis. 4 The sensitivity and lower detection limit of the present photometric titration method are inferior to that of the HPLC method. 5 However, the advantage of the present photometric method over the HPLC method is that it requires no expensive instrumentations and no complicated procedures. The lower detection limit of the present photometric titration method is the same as that of our previous potentiometric titration method. 6 In contrast with our previous potentiometric titration, 6 the present method is superior in being free from salt leakage. From the findings, the present photometric titration method is found to be best for the determination of PHMB-HCl.
The present method was successfully applied to the determination of trace amounts of PHMB-HCl in a contact-lens detergent.
